Prolonged viewing of a high-contrast pattern (the adapter) makes similar patterns harder to detect. This threshold-elevation effect was measured as a function of the contrast of the adapter, with use of sinusoidal grating patterns. Increases in the spatial frequency, temporal frequency, or eccentricity of the stimuli had two major consequences. First, the minimum contrast required for detection of the pattern rose; and second, the function that related threshold elevation to adapting contrast became steeper. It is suggested that this increase in the slope of the function reflects the increased gain of these mechanisms, which might occur as compensation for their relatively poor sensitivity. Changing the subject's ability to detect the adapting pattern by means of masks of an orthogonal orientation had markedly different effects on the threshold-elevation-versus-adaptingcontrast function. Under these conditions the slope was decreased. The results support the idea that the human visual system tries to compensate for differences with different mechanisms.
INTRODUCTION
The sensitivity of the visual system, as defined by the minimum luminance contrast that a subject can reliably detect, varies with a variety of stimulus manipulations.
Well-documented examples of this variation are that changes in spatial or temporal frequency cause changes in sensitivity and that choice of the part of the retina on which the stimulus is imaged affects sensitivity. The reasons for these variations in sensitivity are probably manifold. Certainly in the case of variations with spatial frequency, optical factors play a large role' but most variation that occurs is due to neural factors.
Despite these large inequalities in sensitivity to differing patterns, it has been reported that at suprathreshold levels this inequality may disappear. 2 3 For example, sensitivity to a sinusoidal grating of 3 c/deg is over 1 log unit greater than a grating of 30 c/deg; but if these two patterns are presented side by side at high contrast, they will appear to have equal contrast (which of course they have).
This result has been labeled contrast constancy. 2 A similar result occurs for patterns that differ in temporal frequency 4 or in the part of the visual field stimulated. 2 3 Again the inequalities seen at threshold disappear or are much reduced at suprathreshold levels. Estimates of perceived contrast made from magnitude estimation have yielded similar results. 5 There are at least two possible explanations of these results. First, as was originally proposed by Georgeson and Sullivan, 2 the visual system may have some gaincontrol mechanism that has different values for different channels (cells). Thus channels (cells) that are tuned to patterns to which we are relatively insensitive may have a greater gain than the channels (cells) to which we are more sensitive. Thus as contrast is increased, the inequalities present in threshold measurements tend to decrease. A second explanation is based in the differing nature of the tasks (threshold detection and suprain sensitivity by having different gains be associated threshold matching or estimation). Detection tasks are thought to be limited by the internal noise of the visual system. The task of the subject is to be able to distinguish between the internal (noisy) state caused by no stimulation and the internal state that occurs when a small signal is added. Matching and estimation tasks are, however, thought not to be affected by noise. Addition of noise to the matching task would have the effect of increasing the variability of the match without alteration of the mean position of the match (the same argument also holds for magnitude estimation). Thus if the noise is greater, say, for high-spatial-frequency than for lowspatial-frequency patterns, then it follows that the high spatial frequency will be harder to detect than the medium spatial frequency but contrast matching of the two patterns should be veridical (though more variable).
A simple test of these hypotheses would be for one to measure the gain of the response to a particular pattern and compare it with the sensitivity to the pattern. In this paper I attempt to make such estimates of the gain of a channel by measuring the amount of threshold elevation caused by adaptation to this pattern. I have reasoned that just as increasing the contrast of the adapting pattern increases the amount of threshold elevation, 6 the amount of elevation can give us some indication of the effective internal contrast of the stimulus. Clearly, this rather indirect approach to ascertaining the gain of a channel is open to some questions of interpretation (see Section 4).
METHODS

A. Stimuli
All stimuli were sinusoidal luminance gratings produced by a VSG 2.1 graphics board (Cambridge Research Systems) displayed on a Joyce oscilloscope (white P4 phosphor). The output of the grating generator was gamma corrected by an internal lookup table. The screen was refreshed at 100 Hz and had an average luminance of 0740-3232/94/010025-08$06.00
C 1994 Optical Society of America 200 cd/m 2 . All stimuli (both adapting and test) were counterphase modulated in time (at the rates given in each experiment). All patterns were presented within a circular window of 8-cm diameter (which from the normal viewing distance of 114 cm subtended 4°). Patterns of a spatial frequency greater than 15 c/deg were produced by the subject's viewing a pattern of 7.5 c/cm at the appropriate viewing distance (228 cm for 30 c/deg and 442 cm for 45 c/deg), which gave correspondingly smaller field sizes. Fixation was aided by a small mark at the center of the stimulus. When eccentricity was a parameter in the experiment, it was varied by placement of a small LED at the appropriate distance from the stimulus (all eccentricities are given as the visual angle to the nearest part of the stimulus).
The luminance contrast of the stimuli is defined as (Lmax -Lmin)/(Lmax + Lmin) and is reported here in decibels (dB) of attenuation from maximum contrast (1 log unit = 20 dB). Thus a pattern of contrast 1.0 is depicted as 0 dB, and one of contrast 0.01 is depicted as -40 dB. A blank screen can be thought of as one with infinite attenuation (-co dB).
B. Procedure
Subjects started each block by adapting to a blank field for 10 s and then to the adapting pattern for 40 s. After this initial adaptation phase, subjects went into a top-up test cycle. The top-up adaptation pattern lasted 4 s and the test pattern a total of 900 ms. The test pattern was at full contrast for 500 ms and was ramped on and off linearly for 200 ms. After each test (whose presence was indicated by a warning bleep) the subject responded, with a yes or no response through a button press, whether the test pattern had been detected. At the start of each block the test pattern's contrast was set so that it was easily visible. The contrast of each test pattern was then controlled by a QUEST procedure 7 that tracked the 62.5% yes responses that were in accord with the responses from the subject. The procedure was terminated after 16 trials, and the data was binned into the various contrast levels presented and was fitted by a Weibull function to produce the best estimate of threshold (b, the slope parameter of the function, was set to 4.0 for subject RS and to 4.5 for subject JO; these settings had been predetermined in pilot experiments). Thus each block of trials tested one particular combination of all the possible variables. Blocks were not run in a random order. The experimenter chose particular parameters (spatial frequency, temporal frequency, and eccentricity), and then the subject started the first block by determining threshold while adapting to a contrast of -dB (a blank screen of mean luminance 200 cd/in 2 ). When this block was completed (which took -3 min) there was a 5-min rest interval, which was designed to minimize leftover adaptation from one block to the next. The next block of trials would then have the same parameters but a higher adapting contrast (typically -46 dB), and this procedure would be repeated at progressively higher contrasts until all contrasts had been completed. For the majority of cases the contrast used was doubled from block to block up to a value of -4 dB). However, in some cases (particularly when the subject was very insensitive to the test pattern) this would have yielded few data points, so extra contrasts were run at these high contrasts (and some of the very low contrasts were omitted). Each measurement was performed three times, and the means and standard errors are reported.
C. Subjects
Two subjects were used in these experiments. Both had normal vision (as assessed on acuity tasks) and exhibited no abnormalities in their contrast-sensitivity functions.
One subject was a highly practiced psychophysical observer but natve regarding the aims of these experiments; the other was the author. In addition, a small subset of these results was repeated on several observers to illustrate the effects described. All subjects showed the same pattern of results.
RESULTS
A. Experiment 1. Variations in Spatial Frequency
In this experiment threshold-contrast-versus-adaptingcontrast functions were obtained for a range of spatial frequencies. All patterns were flickered at 4 Hz so that afterimages were avoided. These raw data were then converted to threshold-elevation versus adapting-contrast (TEvAC) functions, with sensitivity when the adapting pattern was set to contrast -dB taken as a baseline. Figure 1 plots these data for the two subjects separately. In considering the results for a pattern of 15 c/deg (open circles) we may notice several points. At very low adapting contrasts there appears to be no threshold elevation. Threshold elevation begins around the contrast at which the adapting pattern is itself visible (the open arrows represent the contrast at which the test pattern was detected when the adapting contrast was set to -m dB). As adapting contrast is further increased, the amount of threshold elevation increases. When very high adapting contrasts are reached, there appears to be a saturation in the amount of threshold elevation. This pattern of results, which has been reported on many previous occasions, was found at all spatial frequencies, temporal frequencies, and eccentricities, with the small caveat that the saturation did not occur (or was much reduced) for some patterns to which the subject was relatively insensitive.
Although the pattern of results was similar for all spatial frequencies, there are important differences. The slope of the TEvAC function is greater for the patterns of higher spatial frequency (such a trend is also noticeable in the results of Blakemore and Campbell 6 and was suggested by Georgeson and Sullivan 2 ). This steeper slope means that for adapting contrasts in the range of -20 to -8 dB, all patterns give a similar amount of threshold elevation (note that this cannot be true for all spatial frequencies, as there must be some patterns that are not detected until the contrast is greater than -8 dB). Finally, as a result of the saturation effect, which is noticeable particularly for the 3-c/deg pattern, patterns to which the subjects are least sensitive can cause greater threshold elevation than those to which the subjects are most sensitive.
B. Experiment 2. Variations in Temporal Frequency
Although experiment 1 clearly shows differences in the slope of the TEvAC function for different spatial frequencies, it is unclear whether this variation is due to change in spatial frequency per se or to the concomitant change in sensitivity to the pattern. To distinguish between these alternatives I manipulated temporal frequency in order to alter sensitivity.
In this experiment the spatial frequency of the stimuli was 15 c/deg and was counterphase flickered over a range of temporal frequencies. Figure 2 plots the data in a way analogous to that for the data presented in Fig. 1 . The data are similar to those plotted in Fig. 1 both in form and in the fact that the slope of the rising portion of the TEvAC function is steeper for the patterns to which the subjects were least sensitive. Again the functions cross, and most adaptation is achieved for the pattern to which the subjects were least sensitive.
Since this pattern of results is seen for changes in both spatial and temporal frequency, it is suggested that the reason for the changes in slope is not the spatial or temporal frequency per se but the subject's sensitivity to the patterns.
C. Experiment 3. Variations in Eccentricity
Sensitivity to the pattern was manipulated by changing the point on the retina stimulated by the pattern. For subject JO the stimulus was a 15-c/deg pattern flickering at 4 Hz viewed foveally or 7.5° to the left of fixation; for RS a 3-c/deg pattern (4-Hz flicker) was viewed foveally or 300 to the left of fixation. The pattern of results (Fig. 3) is similar to that previously described for spatial-and temporal-frequency variations in that the TEvAC function has a steeper slope when the subject is less sensitive to the pattern (i.e., when the pattern is viewed peripherally). If we take the pattern of results from all three experiments together it seems that changes in sensitivity to the pattern do cause a change in the rate of threshold elevation.
To express this covariation in sensitivity and in the slope of the TEvAC function quantitatively, the slope was calculated and compared with the sensitivity to the stimulus when the adapter pattern was set to -dB. The slope of the best-fitting linear function for the data collected for adapting contrasts in the first log unit (20 dB) above detection threshold (this was done to avoid the area of saturation) was fitted by least-squares regression.
This slope is plotted against threshold contrast measurements in Fig. 4 . There appears to be an orderly relationship between the slope of the TEvAC function and threshold such that decreasing the sensitivity to a pattern gives steeper slope estimates.
The data presented thus far seem to support the notion that the gain of response of the visual system varies systematically with its sensitivity. The manipulations employed thus far to change the subjects' sensitivity to the stimuli are ones that the visual system comes across often in natural scenes. Under laboratory conditions it is also 
D. Experiment 4. Rate of Adaptation under the Influence of a Masking Pattern
The general scheme of the setup used for performing this experiment is illustrated in Fig. 5 . The screen was split conceptually into two sections. On one half of the screen a masking pattern could be presented, and on the other half the adapting and test patterns could be presented. The adapting and test patterns passed through a Dove prism that rotated them so that they appeared vertical. The size of the Dove prism also restricted the size of the pattern to be a diamond 3.75 cm on a side. The image was then passed through a half-silvered mirror and to the eye. The image on the other side of the screen passed directly to the half-silvered mirror (and was therefore still horizontal) but was restricted in size by the confines of the cardboard tube (so that stray light was kept out) to a circle 7.2 cm in diameter. Thus when both sides of the screen were set to a high contrast, the eye received an image somewhat like that illustrated in the inset. The total distance from screen to eye was 38 cm (therefore the test/adapt pattern had a side of 6.68° and the mask pattern a diameter of 10.8°), and all viewing was monocular with the left eye; otherwise all conditions and equipment were as in the previous three experiments. Because of the slightly different optical path lengths for the two halves of the display, accommodation would always be inappropriate for at least one of the patterns. To ensure that accommodation was appropriate for the test pattern, the fixation point was placed on the part of the screen that contained the test pattern. In addition, the stimuli were chosen to be at a low spatial frequency (1 c/deg) so that any effects caused by inappropriate accommodation were minimized.
Results from preliminary experiments in which the masking pattern was presented at the same time as the test pattern indicate that the threshold for detection of the test pattern was indeed influenced by the presence of the masking pattern (these data were collected in the absence of adaptation). The arrows in Fig. 6 possible to change sensitivity through special manipulations. One such maneuver is the masking of the adapting pattern with another pattern. Can the visual system alter its gain to compensate for this type of sensitivity change? The next experiment attempts to determine whether changing sensitivity to the adapting pattern by masking it with another sinusoidal grating will result in steeper TEvAC functions. Two patterns were presented on the screen (one in each half), separated by a septum. The mask pattern passed through a halfsilvered mirror to the eye, while the test pattern passed through a Dove prism to rotate the image by 90°; it was then reflected by a front-silvered mirror and finally by a half-silvered mirror to the eye. The approximate appearance of the stimulus when both patterns were of a high contrast is illustrated in the inset. Experiments were then performed in which the mask and the adapting pattern were presented together and the test pattern was presented alone (i.e., with the mask set at --dB). When the mask contrast was -dB (filled circles) the results resembled those presented from the previous experiments. This is not surprising, as the conditions are similar save for the diamond shape of the test and adapting stimuli and the increased overall luminance resulting from the -dB mask background. We might expect that in the presence of the presentation of the -4 dB mask at the same time as the adapting pattern, the TEvAC function would shift to the right and increase its slope, as happened when sensitivity was changed by manipulations of spatial frequency, temporal frequency, and eccentricity (Figs. 1-3 ). This is clearly not the case (Fig. 6, open circles) . Instead threshold elevation begins to occur near -35 dB (as it did in the absence of the mask) but rises more slowly with increasing adapting contrast. Indeed it appears as though the original unmasked function has simply been divided by a factor of approximately 2.
One possible objection to this experiment could be that the adaptation effects from the masking pattern alone have not been accounted for. In previous experiments it has been shown that adaptation to a pattern of orthogonal orientation does not give any threshold elevation unless the pattern is of a very low spatial frequency and high temporal frequency. 2 3 This result was confirmed for this particular setup by setting the contrast of the normal adapting pattern to -cc dB and comparing the results after adaptation to the mask stimulus that was set to either --or -4 dB (all other conditions were as in experiment 4). The open diamonds in Fig. 6 show the difference in thresholds in these conditions. There was little or no threshold elevation caused by adaptation to the mask alone. This raises an interesting point. Orthogonal patterns appear to be effective masks but ineffective as adapters (at least for these spatiotemporal conditions), calling into question the notion that adaptation can be thought of as merely leftover masking; if this were the case, adaptation and masking should have similar characteristics (however, forward masking and adaptation still may be due to similar processes 4 -6 ). This relationship between masking and adaptation is being further investigated.
E. Experiment 5. Two-Alternative Forced-Choice Measurements
In experiments 1-4 the task of each subject was to report subjectively the presence or absence of the test stimulus. Under such conditions it is possible that the subject could adopt different criteria under different stimulus conditions or before and after adaptation. To make sure that no such effects account for the pattern of results reported, I repeated a small subset of the experiments, using a twoalternative forced-choice technique for one subject (RS). Conditions were as described in the earlier experiments except that the test regime now contained two intervals of 450 ms separated by a further 250 ms. In one of these intervals (randomly chosen to the first or the second) a test pattern was presented, increasing linearly to contrast over the first 100 ms, at full test contrast for 250 ms, and ramped off over the last 100 ms. The briefer test intervals were chosen because contrast adaptation is known to fall off rapidly after removal of the adapting pattern (see Refs. 14, 16, and 17). In addition, the number of trials per QUEST was increased to 32.
The upper panel of Fig. 7 depicts the results for a range of stimuli that differ in either spatial or temporal frequency. One can see clearly even from this limited data set that at high contrasts all three patterns gave comparable amounts of threshold elevation (though the pattern to which the subject was most sensitive again gave the least effect), while at low contrasts the amount of adaptation was much greater for the pattern to which the subject was most sensitive. These results agree with the pattern reported in experiments 1 and 2. The lower panel shows the results for a replication of experiment 4 with use of a two-alternative forced-choice technique. Again the results are in accord with those reported in experiment 4. 
DISCUSSION
The present results demonstrate that variatio tern's spatial frequency, temporal frequency, tricity result in a change both in the sensit subject to the pattern and in the slope of the 'I tion. To the extent that the slope of the TEvj can be taken as an indication of the effective ii trast of the visual system, these data provide port for the notion of a changing gain that c for differences in threshold sensitivity and t1 equalize perceived contrast at high contrasts variations in initial sensitivity. One might adaptation or some other psychophysical techn: masking (i.e., the incremental contrast thres have been a more appropriate experimental p investigating the contrast gain of the visual would argue that adaptation is the more apprc sure. In measuring the incremental contrast a function of contrast, one may be obtaining a the noise that limits performance at each co rather than the response gain of the system. the slope of the function relating the incremer threshold to contrast has been shown to vary with many factors, such as the subject's state of adaptation' 9 ' 2 0 and + the subject's familiarity with the masking pattern.' Al-* though measuring detection thresholds inherently involves a problem of signal-to-noise ratio (see Section 1), there is no a priori reason to think that the noise in the visual system is significantly changed by adaptation, while the variability of the response of individual cells has been well documented to increase with increasing contrast 2 22 4 (as would occur in masking).
Support for the gain hypothesis also comes from a con-. TEvAC functions. This suggests that the visual system does not compensate for this particular loss of sensitivity d in experiby an increase in gain. It may be that the complex maskmy changes ing effects that will occur in any cluttered scene are fluctuating too rapidly in time for the visual system to learn about them and produce compensatory gains. The data illustrated in Figs. 1-3 show that two patterns with different properties can produce the same amount of ns in a patadaptation at some high contrast (typically in the contrast and eccenrange -18 to -8 dB). This suggestes that equal activity ivity of the occurs at a contrast of somewhat less than 0 dB, con-'EvAC functrary to the original idea put forward by Georgeson and kC function Sullivan, 2 but consistent with the reformulation of these iternal conideas put forward by Georgeson. 3 Georgeson shows that strong supthis notion leads to contrast overconstancy (a tendency at ompensates some contrasts for patterns to which the visual system is iat tends to relatively insensitive to appear to have a higher contrast), despite the and he supports this with observations from contrast ask whether matching. ique such as
The change in the gain of adaptation also has some imhold) might portant empirical consequences for the use of contrast aradigm for adaptation as a psychophysical tool. For example, system. I Lorengeau 26 attempted to measure the adaptability of susopriate meatained and transient channels 2 7 Lorengeau set all adapting patterns to be 24 times thresh- old sensitivity. He suggests that his results show a greater adaptability at higher temporal frequencies (and therefore greater adaptability of the transient channel).
The current data agree with this finding in that the amount of threshold elevation at a set multiple of threshold does indeed increase with temporal frequency. How- inappropriate, because of different sensitivities of the visual system to different stimuli, and would give different amounts of adaptability depending on the contrast chosen. A set multiple of threshold contrast should give results that depend on the sensitivity of the subject to the patterns such that the patterns to which the subject is least sensitive will give the greatest adaptability. It may be that equating patterns for the amount of adaptation that they elicit can be measured only empirically. Clearly, then, it is difficult to measure the adaptability of the visual system for different patterns, because different answers will be obtained under different adaptation regimes. This might be thought to cast doubt on studies that have measured bandwidths of channels by techniques employing contrast adaptation. However, recent evidence suggests that the bandwidths obtained from different adapting regimes are similar: only the overall size of the adaptation effect changes."
The current experiments also reveal that variations in threshold that are due to masking by the simultaneous presentation of a second pattern are not compensated for in the same way as variations that are due to inherent sensitivity to the pattern presented alone. What is surprising is that not only does the slope of adaptation not increase in the presence of the mask, but it actually decreases. The reason for this is as yet unclear. Experiments have also shown that there are inhibitory interactions between two stimuli of different spatial frequencies28-32 or different orientations 3 2 when they are adapted to simultaneously. It has been suggested that patterns of orthogonal orientations act in an inhibitory manner upon one another and that this inhibition is divisive in nature. 3 3 The seemingly divisive effect on the TEvAC function (see Figs. 6 and 7, lower panels) is in accord with this notion. Such a divisive interaction between different orientations is also included in a recent computational model of striate physiology 3 4 and has been found in area 17 of the cat. 35 -37 One small point from the results of experiment 4 is that there is a region (adapting contrast of approximately -35 to -25 dB) where subjects do not report detection of the adapting pattern in the presence of the mask, yet there is still a reliable (though small) adaptation effect. This finding contrasts with the rest of the data reported here and elsewhere 8 " 0 1 that shows that adaptation does not occur unless the adapting pattern is visible. Thus the physiological site of adaptation must be located before or at the site of masking (or, more cautiously, masking by orthogonal gratings). Contrast adaptation is thought to occur first at the level of striate cortex 38 -4 0 in both cat and primate. The reason for masking by orthogonal gratings is unknown, although it has been shown that area 17 neurones in the cat are indeed affected by their presence. 3 5 3 ' Is there a physiological counterpart for the increased gain postulated here? Evidence for this hypothesis would come from a finding that cells with high contrast thresholds have a greater gain of response with increasing contrast or from a finding that cells tuned to high spatial frequencies, or high temporal frequencies, or far eccentricities, etc., have higher gain. To my knowledge, studies that have addressed the gain of cortical cells 4 ' 42 have not specifically addressed this issue.
